Legged animals routinely negotiate rough, unpredictable terrain with agility and stability that outmatches any human-built machine. Yet, we know surprisingly little about how animals accomplish this. Current knowledge is largely limited to studies of steady movement. These studies have revealed fundamental mechanisms used by terrestrial animals for steady locomotion. However, it is unclear whether these models provide an appropriate framework for the neuromuscular and mechanical strategies used to achieve dynamic stability over rough terrain. Perturbation experiments shed light on this issue, revealing the interplay between mechanics and neuromuscular control. We measured limb mechanics of helmeted guinea fowl (Numida meleagris) running over an unexpected drop in terrain, comparing their response to predictions of the mass-spring running model. Adjustment of limb contact angle explains 80% of the variation in stance-phase limb loading following the perturbation. Surprisingly, although limb stiffness varies dramatically, it does not influence the response. This result agrees with a mass-spring model, although it differs from previous findings on humans running over surfaces of varying compliance. However, guinea fowl sometimes deviate from mass-spring dynamics through posture-dependent work performance of the limb, leading to substantial energy absorption following the perturbation. This posture-dependent actuation allows the animal to absorb energy and maintain desired velocity on a sudden substrate drop. Thus, posture-dependent work performance of the limb provides inherent velocity control over rough terrain. These findings highlight how simple mechanical models extend to unsteady conditions, providing fundamental insights into neuromuscular control of movement and the design of dynamically stable legged robots and prosthetic devices.
biomechanics ͉ locomotion ͉ motor control ͉ mass-spring model A ll legged terrestrial animals use similar basic mechanisms for steady locomotion (1) (2) (3) (4) (5) (6) (7) . In the stance phase of bouncing gaits, such as hopping and running, kinetic energy (KE) and gravitational potential energy of the body cycle in phase, decreasing during the first half of stance and increasing during the second half (1) . Elastic recoil allows this energy to be stored and returned by the elastic structures of the limb (8) (9) (10) (11) . Consequently, a simple mass-spring model is often used to describe the stance phase dynamics of these gaits. The model consists of a point mass and a linear compression spring (2) (3) (4) . Despite the simplicity of this model, it appears that humans and animals maintain mass-spring dynamics over a broad range of locomotor conditions by adjusting model parameters: limb contact angle ( o ), effective limb length (L o ), and leg stiffness (k leg ) (4, 5, 12, 13) . Nonetheless, the mass-spring model is a conservative system, meaning that the total mechanical energy of the body (E com ) does not change over a stride. If energy must be absorbed or produced to change E com (in acceleration or deceleration, for example), the animal must deviate from the simplest spring-like mechanics. Thus, although this model describes well the body mechanics of steady running, it is not yet clear whether it applies to animals running in more complex conditions, including rough or unpredictable terrain.
We address this issue by using a simple perturbation experiment to investigate limb dynamics following a sudden, unexpected drop in terrain height (⌬H) (Fig. 1A) . We test the hypothesis that helmeted guinea fowl (Numida meleagris) use conservative mass-spring limb mechanics to maintain running stability following this perturbation. The ⌬H perturbation results in a 26-ms delay in limb loading relative to that anticipated by the bird (14) . In response, the animal can (i) rapidly adjust limb position and stiffness to prevent changes in mechanical energy, The bird has placed its foot for ground contact on tissue paper that camouflages an 8.5-cm drop in substrate height. Limb length (L) and angle relative to horizontal () were measured based on the line between hip and toe. (B) Limb angle and limb length over the course of a step (beginning from midswing phase prior) comparing level running (gray traces; C) with perturbed running (black traces; U). Dashed gray line indicates the time of beginning of stance (for C trial) and tissue paper contact (for U trial); dashed black line indicates beginning of stance for U trial. The trial shown here followed the KE h mode response pattern observed in ref. 14.
(ii) redistribute energy between gravitational potential energy and KE, or (iii) actuate the limb to dissipate energy and change E com (for example, to maintain the same velocity at a lower body height) (14) . The animal can accomplish the first two options through conservative spring-like limb mechanics.
This experimental perturbation approach can help reveal the interplay between mechanics and neuromuscular control of running. Similar perturbation approaches have elucidated control strategies for walking, postural stability, lateral stability in hexapedal running, and visuomotor control of flight (e.g., refs. [15] [16] [17] [18] .
Results
During the time between false floor and ground contact, the limb continues retracting until the foot contacts the lower substrate (Fig. 1B) . Despite altered limb loading, the leg retracts at a similar average rate as in level running (P ϭ 0.128; Fig. 1B) , although it varies during the perturbation. The delay in ground contact results in a steeper, but more variable, limb contact angle compared with level running (P ϭ 0.001; Fig. 1B and Fig. 3B ).
On average, the ground reaction forces measured during the stance phase following the perturbation are approximated well by a conservative mass-spring model (Fig. 2) . The magnitude and time-course of ground reaction forces predicted for steady running through numerical simulations using Eqs. 1 and 2 (see Methods) are similar to those experimentally measured (Fig. 2) . The predicted ground forces for a drop perturbation match those experimentally measured if the model leg spring contact angle ( o ) is adjusted to the average value measured in perturbation trials. Overall stiffness of the animal's leg (k leg ) varies considerably in experimentally perturbed steps (see Methods; k leg ϭ 892 Ϯ 469 N⅐m Ϫ1 , mean Ϯ SD). However, adjustment of model k leg does not yield an improved match between model and experimental ground forces (Fig. 2C) .
Consistent with the simulation results, statistical analysis of the experimental data reveals strong correlations between o and a number of stance-phase mechanical variables (Table 1) .
Both the magnitude of the ground reaction force impulse (͉J͉) and the duration of contact (T c ) decrease as o approaches vertical (P Ͻ 0.001 and P ϭ 0.001, respectively). Limb stiffness does not significantly correlate with any of the measured stancephase mechanical variables ( Table 1) .
The limb as a whole largely preserves spring-like loading characteristics in the step following a terrain drop (Fig. 3 A and  B) . Because the linear compression spring in the model is passive and energy-conservative, and resists only axial compression, limb loading is limited by the momentum of the body directed along the leg spring axis during stance (Eq. 3). Energy storage in the leg spring is limited by the axial kinetic energy at the instant of ground contact. A higher o results in lower axial KE and higher rotational KE (e.g., ref. 19) , reducing leg spring loading. Consistent with this, higher measured limb angle ( o ) is associated with reduced ground forces in perturbation trials (Fig.  3B) . Additionally, the energy characteristics of the mass-spring model predict 85% of the variation in measured absolute limb work (Fig. 3C ).
Nonetheless, even during level running, the spring-like dynamics of the limb as a whole arise largely through a balance of positive and negative work among the individual joints, rather than through spring-like patterns of energy storage and return at every joint (Fig. 4) . Furthermore, when limb length at the instant of ground contact (L o ) differs from level running, the limb produces or absorbs net energy through a shift of the balance of work among the joints. L o exhibits a significant inverse linear correlation with net limb work (R 2 ϭ 0.24, P ϭ 0.039; Table 1 and Fig. 5 ). This relationship is weak compared with that between o and work magnitude (Fig. 3C) . However, when divided into high-angle and low-angle trials, the relationship between L o and ⌬E com is more apparent (low-angle trial R 2 ϭ 0.83, high-angle trial R 2 ϭ 0.61; Fig. 5 ). Thus, altered limb posture at ground contact is associated with a shift in the balance of work among the joints of the limb, leading to substantial energy production or absorption in the perturbed step.
Discussion
Despite substantial variation in body mechanics, guinea fowl maintain dynamic stability following a sudden drop in terrain that amounts to 40% of leg length (14) . This article investigates whether these birds use spring-like limb mechanics to achieve such robust dynamic stability. Adjustment of k leg has often been emphasized as a control strategy for running and hopping (4, 12, 20) . However, our experimental results support the theoretical running model of Seyfarth et al. (21, 22 ) that includes automatic adjustment of o to improve stability. In this model, a wide range of k leg values allow stable running, suggesting that k leg is not a critical control parameter for stability (22). Thus, our results highlight a key difference in the control of vertical hopping versus running, which are often treated as mechanical analogues (20, 23) . Limb retraction is not required for hopping, but it is an important aspect of running control and strongly influences stabilization dynamics following a step perturbation (as studied here). Although the guinea fowl maintain spring-like dynamics of the whole body, these dynamics arise through a balance of positive and negative work among the joints, rather than spring-like action at each joint, even in level running (Fig. 4) . Consequently, the extent to which the limb preserves spring-like loading (14) . In KE h mode, the body accelerates forward, whereas in Ecom mode it does not. (E) Total limb work over the course of stance. In level running, the hip produces energy, and the tarsometatarsophalangeal joint absorbs energy, resulting in spring-like energy performance of the whole limb. In KE h mode, the hip produces energy, and the distal joints act as springs, resulting in net positive limb work. In E com mode, the distal joints absorb more energy than the hip produces, resulting in net negative limb work. The two response modes are associated with different initial limb postures.
following a large perturbation is surprising. These results further support the idea that the mass-spring model represents a true control target of the neuromechanical system. Other studies also support this conclusion. Humans maintain mass-spring motion of the body when running or hopping on surfaces of varying compliance, even when the change is unexpected (12, 20, 24) . Even on very soft and damped (viscous) surfaces, humans preserve (apparent) spring-like bouncing motion of the center of mass (COM). However, they do so through substantially altered limb function that requires muscular work (25, 26) . Together, these findings and the current results suggest that legged animals often use active, actuated mechanisms to return the body to a stable bouncing trajectory following a perturbation.
The current results and a related study on joint mechanics during terrain perturbations (27) suggest that posture-dependent function of the limb results from a proximo-distal gradient in neuromuscular control. We suggest that this neuromuscular control strategy improves stability by allowing limb cycling to remain constant, whereas limb posture, loading, and energy performance are interdependent, rapidly adjusting to uneven terrain.
Despite altered limb loading in perturbed steps, the hip performs similar work as in level running (Fig. 4A) (27) . Furthermore, the hip largely controls limb retraction, which remains unchanged following the perturbation, suggesting feedforward motor control of the hip extensors (27) . The longfibered parallel architecture of the hip extensor muscles (28) might minimize preflexive effects on contractile performance by the viscoelastic response of muscle to altered loading (29, 30) .
Net work produced at the knee remains near zero in perturbed running steps (Fig. 4B) , although variable knee position at contact appears to reflect variable limb mechanics during the perturbation (27) . In contrast to the hip, the knee exhibits variable motion during the tissue breakthrough phase of the perturbation (27) . Knee angle is the only joint angle that varies among perturbation trials at the instant of ground contact (27) . Altered knee angle at contact is associated with altered o and L o , and variation in whole-limb energy performance in the stance phase following the perturbation (Fig. 5) . Many multiarticular muscles act across the knee, including hip and ankle extensors and hip flexors. Consequently, the variation in knee motion likely reflects altered force balance among the proximal and distal limb muscles following the perturbation.
Unlike the proximal joints, work performance of the distal joints (ankle and tarsometatarsophalangeal) depends on limb loading and limb posture. Both of these joints act as dampers, absorbing energy when the limb contacts the ground with a shallower o and longer L o , and as springs, absorbing and returning energy when the limb contacts the ground with steeper o and shorter L o (Fig. 4 C and D) (27) . The greater variation in distal limb muscle performance might result from higher proprioceptive feedback gain (31, 32) , greater sensitivity to intrinsic mechanical factors (30), or both. Muscles at distal joints are likely to receive the first proprioceptive information about the interaction between the limb and ground. An in vivo study of guinea fowl digital flexor suggests that this distal muscle is sensitive to intrinsic mechanical factors such as length, velocity, and strain history (11) . Further study is needed to evaluate how intrinsic muscle-tendon properties and proprioceptive reflex feedback interact to allow rapid adjustment of distal muscle work performance.
Posture-dependent energy performance of the limb provides an important stabilizing mechanism for running over rough terrain. In association with altered L o relative to control, the limb either absorbs energy, stabilizing the bird at the original velocity, or produces energy, stabilizing the bird at a higher velocity. A mass-spring system can achieve stable running at many different periodic trajectories (33, 34) , each characterized by a forward velocity and body apex height (21, 22) . In a conservative mass-spring running model, a drop in substrate height results in higher forward velocity upon stabilization because lost gravitational potential energy is redistributed to forward KE. This redistribution alone provides stability, because a mass-spring system is less sensitive to perturbations at higher speeds (21) . However, animals must control their velocity in addition to avoiding falls. We previously found that guinea fowl maintain stability but often absorb energy and slow down as they respond to a terrain drop (14) . We propose that posture-dependent limb actuation provides a simple mechanism for rapidly switching among running trajectories with different forward velocity, thereby automatically controlling velocity in rough terrain.
What is the benefit of maintaining a spring-like bouncing motion even when the animal does not benefit from the efficiency of a truly elastic system? Control of running through a mass-spring template may simplify control by reducing the complexity of the system to a few controllable limb parameters (6) . Recent research suggests that motor control may be modular, generating movement through a limited set of muscle synergies in which subgroups of muscles are activated together in a stereotyped pattern (18, 35) . Further, these synergies can correspond to task-level biomechanical functions such as endpoint force or kinematics (18, 36) . Muscle synergies are encoded at the level of the spinal cord (37) and may integrate proprioceptive signals into whole-limb information, such as limb length and orientation (38) . Similar muscle synergies may exist for running and control parameters such as limb retraction, limb length, and k leg ; thereby reducing the complex pattern of muscle activation to a few modules. Activation of each muscle subgroup could be adjusted through proprioceptive feedback at the spinal level, reducing the need for higher-level control and improving response time. Consequently, although the limb does not achieve (Fig. 3C) . However, net energy performance correlates with L o (Table 1) . We have illustrated the interaction between o and Lo by subdividing trials into categories of high angle (blue symbols; mean o ϭ 85°; R 2 ϭ 0.61) and low angle (red symbols; mean o ϭ 70°; R 2 ϭ 0.83). When the limb contacts the ground with a crouched posture, it produces net energy. When the limb contacts the ground with an extended limb posture, it absorbs net energy. Differing limb postures at the instant of ground contact are associated with differing initial knee angle (27) .
truly elastic performance, operation through a mass-spring control template, which might be encoded at the spinal level, could improve stability and simplify the neuromuscular control of running.
Materials and Methods
Animal Training and Data Collection. The data presented here were collected during the same experiments described in a previous study of body COM mechanics (14) . Five adult guinea fowl (N. meleagris) were trained to run for 1-2 weeks prior to the experiments. The Harvard Institutional Animal Care and Use Committee approved all procedures. In control trials (C), the bird ran across a level runway with a model 9281A forceplate (Kistler, Amherst, NY) at the midpoint. In ''unexpected drop'' trials (U), the runway was elevated relative to the forceplate, to create a drop in substrate height (⌬H ϭ 8.5 cm), disguised by tissue paper pulled tightly across the gap. Ground reaction force (GRF) and lateral-view high-speed video, using a Motionscope PCI 500 (Redlake, Tucson, AZ), were collected at 5,000 and 250 Hz, respectively.
Ground Reaction Impulse. The vertical (j v ) and fore-aft (j h ) components of the GRF impulse (J) were calculated by numerical integration of the instantaneous GRF components ( f v , f h ) over the period of ground contact (t c ), and used to calculate the magnitude (͉J͉) and angle () of the resultant impulse vector (J) (14) . We estimated the force impulse error due to drift by measuring the change in baseline force over the time period of stance and calculating the impulse that would result from integrating this baseline over time. The error was found to be between 0.0009 and 0.0064 N⅐s, Ͻ1% of the measured ground reaction impulse in the worst case.
Limb Mechanics. Kinematic points located at the middle toe, tarsometatarsophalangeal joint, ankle, knee, hip, synsacrum, and the approximate body COM were digitized and filtered as described in ref. 14. We calculated joint angles, relative limb length (L͞L t , where L is the distance between the hip and toe, and L t is the sum of all limb segment lengths), limb angle (, the angle of the line between hip and toe), and virtual leg spring angle (, the angle of the line between the body COM and the force plate center of pressure). Limb angle () averaged 20 Ϯ 1°Ͻ because of the forward position of the body COM relative to the hip. We used inverse dynamics to calculate the external moment and work at each joint over the course of stance. The external moment is the magnitude of the cross product between the instantaneous joint-position vector P and the instantaneous GRF vector F g . By convention, an extensor moment and an extending angle change were positive. The joint moment and joint angular velocity were multiplied at each time point to obtain instantaneous joint power and numerically integrated to obtain joint work. Using this approach, the value of work at the last time point is the net work done by that joint. We used the same method to calculate the absolute work done at each joint, except that we took the absolute value of joint power prior to integration. All work values were normalized for size by dividing by the bird's body mass.
Average limb stiffness (k leg ) was calculated over the duration of limb compression. Limb compression is a decrease in leg length during an increase in GRF. Thus, k leg was the change in force divided by the change in length during limb compression. Note that k leg was not calculated in the same manner as virtual leg spring stiffness in previous studies (4), which assumes mass-spring dynamics. During unsteady behaviors, the limb may not maintain spring-like performance. Our measure of k leg avoids potentially incorrect assumptions about locomotor mechanics during unsteady movement. Nonetheless, if the limb does follow spring-like dynamics, k leg calculated here would equal that obtained through previous approaches.
Mass-Spring Model. We compared limb loading and work performance to the expectations of a simple mass-spring model. The hypothesized mass-spring model is a passive, energyconservative system that consists of a point mass attached to a mass-less, linear compression spring (3, 4) . We numerically simulated this model using the ode45 function in MATLAB release 12 (MathWorks, Natick, MA) with the following equations of motion for the stance phase (Fig. 2B) (3) :
where m is body mass, is the instantaneous angle of the virtual leg spring, k leg is the spring stiffness, L o is the spring resting length, and L is the spring instantaneous length. This model differs from some recent approaches in that (i) no small angle assumptions are made in the equations of motion (19) and (ii) gravity is not ignored (39) . This approach necessitates a numerical solution but provides a more realistic approximation of guinea fowl behavior. In the flight phase, the body follows a ballistic path. Model parameters (m, k leg , , L o , and body velocity at the instant of contact, V o ) for the level running simulation were obtained from average values for the guinea fowl during the same activity (14, 27) . In steps with a drop in terrain, all model parameters were the same as the level running simulation unless specified otherwise. The leg spring in this model resists loads only in compression along its long axis (it does not resist torque, shear, or axial tension). The total ground reaction force impulse during stance (J ϭ ͐F g dt) follows the equation
At high speeds the gravitational term is small, and limb loading is limited by the momentum of the body directed along the leg spring axis. Thus, total impulse (J) approximately equals mV o cos( o ), assuming that V o is approximately horizontal (Fig. 3A ; measured V o deviated from horizontal by 3 Ϯ 1°). Based on this, we estimated a maximum input energy for the leg spring as the axial kinetic energy at the instant of ground contact as 1 ⁄2m(V o cos( o )) 2 . For consistency with measured mass-specific limb work values, we normalize for size by canceling the mass (m) term. The total energy stored in the leg spring during loading is equal to the peak force times its change in length (compression). Energy is stored (negative work) until peak force and returned (positive work) as force declines, resulting in absolute limb work equal to twice the energy stored.
Statistical Analysis. All mechanical variables were made dimensionless for statistical analysis by normalizing to body mass (m), the acceleration of gravity (g), and L t (4). We used simple linear regression to compare measured absolute limb work to that predicted for a mass-spring system. Additionally, to characterize the effect of limb parameters on stance-phase mechanics, a multiple linear regression was used with dimensionless o , L o , and K leg as independent effects and either ͉J͉, , T c , or ⌬E com as the dimensionless dependent variable. To account for multiple simultaneous tests, we adjusted the significance level for each test by using the sequential Bonferroni technique. Although the mass-spring model exhibits nonlinearities in many variables, many of the relationships are approximately linear over a biologically relevant range (3). For example, simulation of the mass-spring model over the range of experimentally measured limb contact angles reveals a nonlinear relationship between the limb contact angle and the ground reaction impulse. Nonetheless, the relationship can be approximated with an inverse linear equation, resulting in an R 2 of 0.96.
